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ves This study addressed the hypothesis that motion of
the surface containing a regurgitant orifice relative to the Doppler
ultrasound transducer can cause differences between actual flow
rate calculations based on the proximal flow convergence
technique .
td. In vitro studies quantitating regurgitant Row rate
by protdmul low convergence have been limned to stationary
oriflcec. Clinically, however, valve leaflets generally move relative
to the uld transducer during the cardiac cycle and can
move at velocities important relative to the measured color
aliasing velocities. The transducer therefore senses the vector sum
of K" flow velocity toward the orifice and orifice velocity
relative to the transducer. This can cause potential overestimation
or underestimatim of true flow rate, depending on the direction of
motion.
M9
	
, The hypothesis was explored computationally and
tested by pumping fluid at a constant flow rate through an orifice
in a plate moving at 0 to S curls (velocities comparable to those
described clinically for mitral and tricuspid annulus motion
toward an apical transducer).
Noninvasive quantification of valvular regurgitation has
been a long-standing clinical goal . Because physical and
technical factors cause variability in color Doppler jet area
(1-13), widespread attention has recently been drawn to a
quantitative technique considering flow convergence proxi-
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Results. Surface motion in the some direction as flow caused
overestimation of the aliasing radius and calculated slow rate .
Surface motion opposite to the direction of flow (typical for mitral
and tricuspid regurgitation viewed from the apex or esophagus)
caused underestimation of actual flow rate. The underestimation
was greater for lower aliasing velocities (36 I l % for 10 cmis vs .
23 t 6% for 20 cmis) . Correcting for surface motion provided
excellent agreement with actual values (y = 0 .97x + 0.10, r
0,99, SEE = 0.17 literslmin).
Conclusions. Physiologic motion of the surface containing a
regurgitant orifice can cause substantial differences between ac-
tual flow rate and that calculated by the proximal flow conver-
gence technique. Low aliasing velocities used to optimize that
technique can magnify this effect . Such errors can be minimized
by using higher aliasing velocities (compatible with the need to
measure the aliasing radius) or eliminated by correcting for
surface velocity determined by an M-mode ultrasound scan .
1J Am Coll Cardiol 1993;22:1730-7)
mal to the regurgitant lesion (14-23) . Because clinical appli-
cations of this technique are now being reported, it is
important to understand factors that affect its validity . This
report describes what may be a fundamental pitfall in clinical
applications-motion of the surface through which regurgi-
tation occurs .
It has been established in simplified models that regurgi-
tant flow rate can be predicted by measuring the radius of the
first aliasing boundary encountered by the flow as it con-
verges toward an orifice, extrapolating to a surface area 2srr 2
by assuming a hemispheric proximal isovelocity surface area
(PISA), and then multiplying this surface area by the known
velocity, which determines the first color alias (14,15,17-22) .
In vitro validation has been followed by correlation with
semiquantitative catheter grade (14,17).
The basic theory is highly simplified, however, and the
ultimate goal of clinical quantification requires that nonide-
alities be investigated. Although recent refinements can
account for deviation from hemispheric shape because of
0735-10971931$6 .00
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finite orifice size (19,21), as well as for the effects of wall
filter, leaflet geometry and abasing velocity (24-26), studies
to date assume that the basic PISA flow field is consistently
measured by Doppler color flow mapping and that the
orifice is stationary . In fact, given the low aliasing velocities
chosen to maximize PISA radii, the orifice through which
regurgitation occurs can exhibit motion important relative to
those velocitks . Even if the idealized PISA flow field is
maintained behind such a moving surface, the flow field will
be altered in the view of the transducer, which observes a
net velocity .
The purpose of this study, therefore, was to address the
hypothesis that surface/orifice motion can distort the image
of the proximal flow field converging toward it because the
transducer senses the vector sum of the actual PISA flow
velocity toward the orifice and the velocity of the moving
surface relative to the transducer . This phenomenon will
cause overestimation or underestimation, depending on the
direction of surface motion, and this pitfall can potentially be
corrected by using surface velocity measured by M-mode
echocardiography .
Methods
Theory. The PISA approach, as applied to date, assumes
that the aliasing velocity of the instrument equals the veloc-
ity at which fluid moves toward the orifice. However, the
aliasing velocity is measured relative to the transducer and is
only identical to fluid velocity if the orifice is stationary . In
fact, the velocity of fluid measured relative to the transducer
will be the vector sum of the velocity of fluid relative to the
orifice and the velocity of the orifice relative to the trans-
ducer during cardiac contraction .
Consider an orifice moving away from the transducer
with a surface velocity V, as in Figure 1 (for example, this
might be a leaflet whose coaptation point is deeply prolaps-
ing away from the transducer) . In this case, the velocity of
blood will appear larger to the transducer than to the orifice .
It will equal the sum of blood flow velocity toward the orifice
and orifice velocity away from the transducer. Because the
apparent or measured velocity increases, the apparent alias-
ing border will move farther away from the orifice, produc-
ing a larger radius and an overestimate of flow rate through
the orifice by the PISA principle . Conversely, if the orifice is
moving toward the transducer, as in typical mitral regurgi-
tation viewed from the apex, the transducer will measure
actual blood flow velocity toward the orifice minus orifice
velocity relative to the transducer . The apparent aliasing
border will therefore move closer to the orifice, producing an
underestimate of flow by PISA .
Mathematically, the basic equation for PISA radius r for
a nonmoving orifice with flow rate Q and aliasing velocity U,,
is
r = N/Q__/(27rU .) .
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Figure 1 . Top, The ideal proximal isovelocity surface area (PISA)
region with flow passing away from the transducer . Flow accelerates
beyond the aliasing point, creating a well defined interface between
blue and red on the color Doppler image . Bottom, The same surface
moving away from the transducer with a velocity (Vs) . Because of
the additive effect of surface velocity, the location at which the
transducer senses aliasing is shifted away from the surface and
toward the transducer, resulting in overestimation of actual flow
through the orifice . The converse occurs with oppositely directed
surface motion . LA = left atrium ; LV = left ventricle (schematically
representing mitral regurgitation, with severe leaflet prolapse away
from the transducer exceeding annular motion toward it)
.
(As shown by Rodriguez et al . [191, this is only completely
accurate for a "point orifice," or when U, << U,,, the
orifice velocity . The effects of finite orifice size are included
in the Discussion .) If the surface containing the orifice
moves away from the transducer at surface velocity V, the
transducer at any given point will sense a higher velocity
than before so that aliasing will occur at a distance from the
orifice where velocity had previously been smaller, namely,
U
n
- V
s
. Thus, the equation for radius becomes
The ratio between the apparent (overestimated) flow rate
and the actual value is then
[21
Qapparent Un
Qtrue U. - V,
The difference U
n
- V, in equations 2 and 3 is for flow and
surface motion in the same direction, taking absolute (scalar)
values of U
n
and V. . If the flow and surface motion are in
opposite directions, the quantity would be U,, + V
5 .
This relation between apparent and true flow rate holds,
assuming that the PISA is preserved behind the moving
orifice . The impact of equation 3 is twofold
: 1) The idealized
131
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Figum 2. The in vitro flow model consists of a cylindric flow
chamber containing a moving orifice . Motion of the orifice is
controlled by a dual-acting pneumatic cylinder. Timing of orifice
motion is controlled by two three-way solenoid valves interfaced to
a computer-controlled pulse duplicator . An electromagnetic flow
meter (EMF) is located edjacent to the model for measurement of
actual flow rates . Color Doppler images am obtained using a
Toshiba Sonolayer 270 color Doppler instrument .
FM calculation fails in the presence of important surface
motion, wW 2) equation 3 can potentially be used to correct
actual flow based on the preset alias velocity and the surface
velocity, which can be measured by M-mode echocardiog-
raphy,
ProWA. The significance of orifice motion was exam-
ined by simulating PISA radii with a simplified computer
model and imaging proximal flows with color Doppler echo-
cardiography through orifices of physiologic size in moving
surfaces .
Computer model . Equations I to 3 were programmed in
Pascal on a Macintosh Quadra 900 computer
. The program
could bc operated interactively with user inputs of flow rate,
allaying velocity and surface velocity, yielding PISA radius .
This computer model is intentionally straightforward be-
cause it is designed specifically to isolate the effect of surface
motion by assuming that the basic theory works behind the
moving orifice, which allows testing of the null hypothesis
(any deviations from ideality will then relate to surface
motion only) .
Orifice
EMF Probe
Toshiba Sonclayer
Ultrasound Color
Doppler Machine
3-way Solenoid Valve I
Pressure-
Regulated
Air
3-way Solenoid Valve H
Pulse Duplicator
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In vitroflow/imaging studies . We conducted an initial in
vitro test of this theory with precisely controlled flows and
leaflet velocities . Flow was pumped from a reservoir (Fig . 2,
lower left) at a constant rate through a circular orifice . This
orifice was mounted in a plate that could be moved within
the flow model by a pneumatic cylinder driven by a pulse
duplicator. A Toshiba 270 scanner imaged the proximal flow
convergence region with steady flow but a moving orifice .
Flow through the orifice was constant both before and during
orifice motion . This was confirmed empirically from the
electromagnetic flowmeter trace, which showed, with the
onset of orifice motion, a net change in volume flow that
exactly offset the volume displaced by the moving plate . (By
conservation of mass, if we consider the fluid volume
between the flowmeter inlet and the orifice outlet, flow out of
the orifice equals flow in at the flowmeter minus the change
in control volume in between [27] . For example, if the orifice
moves away from the meter, the control volume increased .
This was exactly offset by an increase in flow in at the meter,
which is, after all, drawn forward by the motion of the plate
containing the orifice .)
Surface velocities measured by M-mode echocardiogra-
phy were varied over a physiologic range of 0 to 8 cm/s (see
Discussion), with flow rates of 0 .8 to 5 .5 liters/min and
orifice diameters of 2 .5, 3.5 and 6 mm. Imaging was per-
formed with a 3 .75-MHz transducer at a pulse repetition
frequency of 3 kHz with a standard velocity map (not
velocity/variance) . The lowest wall filter setting available on
this machine was used to produce the least distortion of low
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Figure 3. Computational studies . Proximal isovelocity sur-
face area (PISA) radius as a function of flow rate for
different Nyquist velocities Un in the absence of surface
motion. Lower aliasing velocities increase the proximal
isovelocity surface area radius for constant flow rates,
providing better resolution . Lower aliasing velocity curves
also show higher slopes, suggesting greater sensitivity for
changes in flow .
velocities in the proximal flow field (26) . Color gain and the
other settings listed were held constant, with packet size set
to the medium value available on this machine (a compro-
mise between velocity and temporal resolution). Aliasing
velocities of 10 and 20 cm/s were used . Proximal isovelocity
surface area radii were obtained from color M-mode traces
by measuring the vertical distance between the orifice and
the first aliasing border. Surface velocity was determined by
dividing the vertical distance that the surface traveled by the
corresponding time (horizontal distance) on the M-mode
trace. Because the velocity of the moving plate was con-
stant, this gave the slope of the straight line recording
surface motion. Flow rates were calculated and compared
with standard values measured directly by an electromag-
netic flow probe .
ResIults
Computational results . Figure 3 shows the PISA radius as
a function of flow rate for different Nyquist velocities in the
absence of surface motion. At lower aliasing velocities, the
PISA radius not only increases to more easily resolvable
levels, but is also more sensitive to changes in flow .
Incorporating surface motion toward the transducer, Fig-
ure 4A shows the ratio of apparent to actual flow rate as a
function of surface velocity, with 50% underestimation when
leaflet velocity equals aliasing velocity . Figure 4B shows the
general result as a function of surface velocity normalized to
aliasing velocity .
Surface motion away from the transducer produces over-
estimations of flow when surface motion is important but
does not exceed the aliasing velocity . Figure 4C shows the
ratio of calculated to ideal PISA radius squared at two
aliasing velocities and constant flow rate . At low surface
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velocities, the PISA radius increases only slightly, but as
leaflet velocity approaches the aliasing velocity, the PISA
radius departs to infinity, actually, in effect, reflecting bulk
flow away from the transducer, occurring throughout the
proximal chamber and induced by orifice motion . There is
therefore an important trade-off in selecting aliasing veloc-
ity. A low velocity makes the PISA more easily measurable,
more sensitive to flow (Fig. 3) and more truly hemispheric
(15,19-22) but, also more subject to distortion by compara-
bly low velocity surface motion (Fig . 4C).
In vitro studies. The in vitro model confirmed this con-
cept, focusing on orifice motion toward the transducer and
opposite to flow, as commonly observed in mitral or tricus-
pid regurgitation viewed from the apex . (Orifice motion and
flow are also oppositely directed when viewed from the
esophagus .) Figure 5 shows the two-dimensional PISA im-
age without surface motion on the left and a smaller PISA
with motion toward the transducer on the right, despite
constant flow rate across the orifice and constant imaging
settings .
Quantitatively, Figure 6A shows that the greatest under-
estimations of calculated flow rate occurred with the lowest
aliasing velocity used, U, = 10 cm/s . Calculated flow rate is
plotted versus actual values, with the least-squares regres-
sion line and the line of identity shown . With orifice motion
toward the transduL er, flow rate was always underestimated
by an average of 36 ± 11% . The scatter, which is expected,
reflects the different surface velocities used, producing a
wide range of values for the ratio of surface to aliasing
velocity and, therefore, for the ratio of calculated to actual
flaw rate (Fig. 413) . In contrast, with the same surface
velocities (up to 8 cm/s) toward the transducer but a higher
aliasing velocity of 20 cm/s, underestimation was less, aver-
aging 23 ± 6% (Fig. 6B), with less scatter because of a
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smaller range of the ratio of surface to aliasing velocity (and
therefore of calculated to actual flow rate), which is in-
versely proportional to aliasing velocity .
Applying a correction factor by inverting equation 3 for
oppositely directed flows, that is, (U, + V,)/U, provided
excellent agreement with actual values (Fig . 6C ; y = 0.97x +
0. 10, r = 0.99, SEE = 0.17 liters/min) .
Discussion
Previous studies have validated the proximal isovelocity
technique in simplified in vitro models (14,15,17-
21), Reports of agreement of PISA measures with the semi-
quaittitative angiographic grade have begun to appear
04,1725. To extend this promising work to the ultimate goal
of%mmaktitive application in vivo, it
is important to understand
the physiologic factors that affect this idealized theory .
One such factor is motion of the surface through which
30
regurgitation occurs . In the typical color Doppler/
echocardiographic examination, recorded velocities are the
vector sum, or resultant, of all velocity components parallel
to the ultrasound beam measured relative to a transducer
fixed on the chest wall or esophagus . In principle, therefore,
assuming that the PISA concept holds behind a moving
orifice, the Doppler transducer will sense the sum of 1) the
velocity required for flow convergence through the orifice
and successful application of the PISA equation, and 2) the
superimposed motion of the orifice surface, which will shift
the apparent velocity at which aliasing occurs to a different
location . The results of this study showed this effect to be
important. As leaflet velocity approaches aliasing velocity
for motion either toward or away from the transducer,
deviation from actual flow by the PISA calculation becomes
large . This concept will be critical in patient applications if
the orifice exhibits important motion relative to the aliasing
velocities.
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Figure 4 . Computational studies. A, Underestimation as
a function of surface velocity for orifice motion toward
the transducer. For aliasing velocities (U,) of 10 cm/s
(triangles) and 20 curls (squares) and a constant flow rate
(Q) through the orifice, the plot of the ratio of apparent
flow rate to actual flow rate (Qapparent/Qactual) shows
increasing underestimation with increasing surface ve-
locity . B, Ratio of apparent to actual flow rate as a
function of surface velocity (Vs) normalized to aliasing
velocity (LQ for orifice motion toward the transducer .
C, Ratio of calculated to ideal proximal isovelocity
surface area it ISA) radius squared at two aliasing
velocities (20 cav's [squares] and 25 cm/s [diamonds]) for
constant flow c .', mils) through the orifice and orifice
motion away from the transducer. As surface velocity
approaches the aliasing velocity, the underestimation
ratio asymptotically approaches infinity .
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Clinical implications. Motion of the surface through 
which regurgitation occurs can be important in the clinical 
setting (28-32). For example, the mitral annulus moves 
toward the apex of the heart, and although the leaflets rise in 
a basal direction in response to increasing ventricular pres-
sure, there is a net motion of the leaflets toward an apical 
ultrasound transducer, which can produce appreciable sur-
face velocities (28-30). Simonson and Schiller (28) have 
measured motion of the base toward the apex of roughly 
2 cm normally. It could conceivably increase in patients with 
mitral regurgitation, whose ventricles can also empty retro-
grade. If this motion occurs over most of a systolic ejection 
period of 0.2 to 0.3 s (33), it would result in a velocity of 7 to 
10 cm/s, comparable to velocities used in vitro (up to 8 cm/s). 
Larger excursions have been reported by Hammarstrom et 
al. (32) for the tricuspid annulus, averaging up to 2.5 cm and 
ranging to ~3 cm, predicting surface velocities of dO to 
15 cm/s. Some commonly reported baseline-shifted aliasing 
velocities are in the range 10 to 20 cm/s (15,19,34). These 
surface velocities (e.g., 7 to 10 cm/s for the mitral valve) 
could jeopardize the accuracy of regurgitant flow predictions 
by the simplified PISA method, causing an underestimation 
of 41% to 50% at an aliasing velocity of 10 cm/s and 26% to 
33% at a velocity of 20 cm/s. Increased contractility could 
potentially increase surface velocities. Increased heart rate, 
as in children or patients with acute severe regurgitation, 
could also potentiate this effect, although excursion may 
decrease along with ejection period. The effect of surface 
motion should be least for severe mitral regurgitation, which 
produces large PISA radii at higher aliasing velocities, 
Figure 5. Two-dimensional echocardiographic proximal isovelocity 
surface area (PISA) images with and without surface motion at a 
constant flow rate through the orifice and constant machine settings. 
Left, Flow passes down and away from the transducer through a 
motionless orifice, forming the basic PISA. Right, PISA size dimin-
ishes as the orifice moves toward the transducer because the 
apparent aliasing radius is shifted toward the orifice. The first 
aliasing boundary is indicated by the arrowheads, the proximal plate 
surface by the dashed lines and the direction of orifice motion (right 
panel) by the two arrows. Both images are at the same sector depth 
and magnification; the black and white image of the orifice plate 
extends beyond the color sector in the image on the left. 
although the surface velocity may also be higher. The 
greatest anticipated problem would be differentiating mild 
from moderately severe mitral regurgitation, which is our 
greatest current clinical dilemma: Patients with truly moder-
ate regurgitation would be shifted toward the mild classifi-
cation by the moving surface effect. A consistent effect 
might have less influence on correlations between PISA-
derived flow and angiographic grade (14,17,23). Although the 
calculation would be more accurate with higher aliasing 
velocities (30 to 50 cm/s) (22), the PISA radius would be 
much harder to measure, particularly for mild to moderate 
regurgitation. In principle, the effect of orifice motion could 
be minimized or eliminated in two ways: 1) by using the 
highest aliasing velocity compatible with the need to mea-
sure the PISA radius and correcting for any deviation from 
the hemispheric assumption using a validated factor (19); or 
2) by using the factor (Un + Vs)/Un, for oppositely directed 
motions, to correct for surface motion, which can be mea-
JACC Val . 22, No . 6
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fture 4. A, Calculated flow rate Qcalc (Squaml) as a function of
actual flow IQJ for an aliasing velocity of 10 cm/s . Surface velocities
ranged up to 8 cm/s and produced an average underestimation of
3,o) * 11% y - 0.5 Igx + 0,360, r - OV& II, Calculated flow rate
(iqum,q) as a function of actual flow for an aliasing velocity of
20 cm/s . Sufte velocities ranged up to 8 cons and proauced an
average un6nstimafion of 23 ± 6%. The greater underestimation
with use of & loweraliasing velocity can be understood by referring
to dw computer simulation in Figure 4A . y - 0 .81 Ix - 0 .0797, r =
0,991, C, A correction factor (Qcorr Isquares)) derived from equa-
tion 3 allows prediction of true flow rate (Qo)
. The only additional
measurement is surface velocity, which can be obtained by M-mode
echocardiography . The corrected data points include those from A
and 4, y - 0.9784x + &0984. r - 0.991,1® liters. DoW bee in A
and 3 and dotted line in C are lines of identity
.
sured from the slope of an M-mode tracing through the
region of the jet origin.
Study limitnWas. Although other factors, such as leaflet
pconwtry and superimposed flows, may be important, the
point of this study was to isolate the effect of orifice motion,
for which the methods were suitable
. The basic principle that
the transducer records the vector sum of flow velocity
toowd the ON and orifice velocity toward the transducer
will apply regardless of flow pulsatility (35)
. The need to
coffmt for the effect of finite orifice size (19) will potentially
be even greater with orifice motion toward the transducer,
which will shift the apparent aliased border closer to the
orifice, causing it to flatten out and require more correction
in the form of Ud(U,, - [Ua + Vs]) as opposed to simply
ud(Uo - U
.) for oppositely directed motions (19), where
U
. = jet velocity at the orifice
.
Conclusions. Motion of the surface containing the orifice
can significantly alter the apparent PISA flow field viewed by
the transducer, causing differences between actual and cal-
culated flow rates, assuming no such motion . This effect
occurs at surface velocities comparable to those described
clinically for the mitral and tricuspid valves . Such velocities
may also increase with increased regurgitation, contractility
and heart rate . The potential error depends critically on the
chosen aliasing velocity and increases at lower aliasing
velocities . It may therefore be important to balance this
effect with the need to reduce aliasing velocity to measure
the largest and most hemispheric PISA region .
We thank Helen Rinehart for expert secretariat assistance in preparation of
this manuscript .
Appendix
With motion away from the transducer (e .g., in severe mitral valve
prolapse, although annular motion remains apical), if surface veloc-
ity exceeded the aliasing velocity, instead of continuing overestima-
tion, we would observe what might be termed "leaflet aliasing . " The
ratio of apparent to actual flow rate is ambiguous at the point where
surface velocity equals aliasing velocity, then wraps to negative
infinity and decreases in magnitude on the negative scale (equation
3) as surface velocity increases further . In practice, beginning with
the ideal proximal isovelocity surface area (PISA), which accurately
reflects flow at a surface velocity of zero, the apparent PISA would
begin to grow and overestimate true flow as surface velocity
increased until the bulk of the proximal flow field aliases (surface
velocity= aliasing velocity) . As surface velocity passes beyond the
aliasing velocity, a second PISA will begin to grow, from the orifice
with a reversed color alias . Measurement of this new "first color
alias" would then underestimate flow . Increasing surface velocity
further would eventually reproduce the aliasing radius at the exact
point where it should be, according to ideal PISA theory, at a
surface velocity equal to twice the aliasing velocity (if the baseline is
shifted, at a velocity equal to the aliasing 4,elocity plus the full scale
of opposite sign) . Therefore, either overestimation or underestima-
tion of ideal flow can occur with surface motion away from the
transducer . Measuring surface velocity by M-mode echocardiogra-
phy and comparing it with the color aliasing velocity would deter-
mine the direction of the observed effect .
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